Abstract Triptans are effective and well tolerated in acute migraine management but their exact mechanism of action is still debated. Triptans might exert their antimigraine effect by reducing the levels of circulating calcitonin gene-related peptide (CGRP). To examine this question, we examined whether sumatriptan modulate the baseline CGRP levels in vivo, under conditions without trigeminovascular system activation. We sampled blood from the internal and external jugular, the cubital veins, and the radial artery before and after administration of subcutaneous sumatriptan in 16 healthy volunteers. Repeatedmeasure ANOVA showed no interaction between catheter and time of sampling and thus no significant difference in CGRP between the four catheters (P = 0.75). CGRP did not change over time in the four compartments (P [ 0.05). The relative changes in CGRP between baseline and maximal sumatriptan concentration did not differ between the four vascular compartments (P = 0.49). It was found that Sumatriptan did not change the levels of circulating CGRP in the intra or extracerebral circulation in healthy volunteers. This speaks against a direct CGRP-reducing effect of sumatriptan in vivo in humans when the trigemino vascular system is not activated.
Introduction
Migraine is a neurovascular headache [1] , thought to arise from a primary brain dysfunction, leading to activation and sensitisation in the trigeminovascular system [2] , and the release of vasoactive neuropeptides such as calcitonin gene-related peptide (CGRP) [3, 4] . CGRP is involved in the migraine pathogenesis [5] , and CGRP antagonism is a promising new target in the treatment of migraine [6] .
The triptans, 5-HT 1B/1D receptor agonists, are effective and well tolerated in acute migraine management [7] . They are migraine specific which suggest unique mechanisms of action [8] . Several mechanisms have been suggested, including vasoconstriction of cranial vessels [9] and decreased CGRP release [10] . The triptans reduce CGRP release from stimulated trigeminal neurons in vitro [11] , and increased CGRP level normalizes after subcutaneous sumatriptan during migraine [10] and cluster headache attacks [12] . CGRP levels may, however, also normalize spontaneously during attacks of both migraine [13] and cluster headache [14] . These data raise the question whether the CGRP decrease is a contributor to the clinical efficacy of triptans, or merely an epiphenomenon [15] .
To examine the mechanisms of sumatriptan action, we have examined whether sumatriptan modulate the baseline CGRP levels in vivo, under conditions without trigeminovascular system activation.
It has been suggested that animal studies of CGRP release and neurovascular trigeminal activation could be a good model for investigating antimigraine drugs [16] . To compensate for potential species differences [17] , human studies are necessary. In this pharmacological model study, we examined whether activation of the 5-HT 1B/1D receptors would result in a decreased CGRP release in healthy human subjects.
The aim of the study was to discover and quantify changes in plasma levels of CGRP before and after subcutaneous injection of sumatriptan in four different vascular compartments; the internal and external jugular, the cubital veins and the radial artery.
Materials and methods
We recruited 17 healthy subjects for the study (12 M/5 F, mean age 27.5 years, range 21-35 years). Inclusion criteria were: age 18-35 years, body weight 50-100 kg. Exclusion criteria were: a personal or a family history of migraine or any other type of headache (except episodic tension type headache less than once a week); headache within 24 h before study start; any daily medication apart from oral contraceptives; pregnancy or breastfeeding; and serious somatic or psychiatric diseases. Human chorionic gonadotropin (hCG) measurements were done in all female patients before start of the experiments. The intake of coffee, tea, cocoa or other methylxanthine containing foods or beverages was not allowed for the last 8 h before the start of the study.
The study was approved by the Ethics Committee of the County of Copenhagen (KA-20060069), Danish Medicines Agency, the Danish Data Protection Agency and was undertaken in accordance with the Helsinki Declaration of 1964, as revised in Edinburgh in 2000. The study was monitored by the unit for Good Clinical Practice at Copenhagen University Hospital and registered on http://www.clinicaltrials.gov. All subjects gave written informed consent to participate in the study.
Experimental design
All procedures were performed in a quiet room with a constant temperature of 25°C, and the subjects rested in the supine position for 30 min before baseline measurements. Catheters were inserted in the internal (5Fr 200 mm, BD Careflow TM , Becton Dickinson Ltd, Singapore) and external jugular vein, the cubital vein (16G, Optiva 2, Medex Medical Ltd, Rossendale, Great Britain), and the radial artery (20G, arterial cannula, Becton Dickinson, Swindon, UK). Procedures were carried out under sterile conditions and sonographic guidance (Side Rite IV Ultrasound Scanner, BARD Access Systems, Inc., Salt Lake City, USA) was used to determine the size and location of the internal jugular catheter. The correct placement in the internal jugular vein was confirmed by the marked O 2 difference between the internal and external jugular veins, as described in [18] . We chose injectable sumatriptan (GlaxoSmithKline) to reduce inter-patient variability in pharmacokinetics, and because this formulation yields the highest therapeutic gain in migraine patients [19] . Subcutaneous sumatriptan 6 mg was administrated in the right thigh by a medical doctor (JMH). The drug was delivered from the hospital pharmacy.
Blood samples were collected simultaneously from all four catheters starting-10 min before sumatriptan and then 15, 30, 60, and 90 min after drug administration. Blood samples were collected in ice-chilled tubes (EDTA and aprotinin). Plasma was separated by centrifugation (1,000g) at 48C within half an hour, put on ice until completion of the experiment, and then stored at -30°C until shipment for analysis. Samples were coded and CGRP determinations were assayed blindly with respect to timing and vascular compartments, but with all samples of a patient, to minimize the influence of interassay variation. All catheters were flushed with isotonic saline 0.9% immediately after sampling and emptied immediately before sampling. The subjects were discharged from the hospital 2 h after injection of sumatriptan.
Plasma concentration of CGRP CGRP was analyzed by radio immuno assay (RIA), as previously described [20] . Human a-CGRP was obtained from Peninsula Laboratories Europe (St Helens, UK). Standards were prepared in 0.1 mol/L phosphate buffer, pH 7.5, containing 0.1% bovine albumin, 0.01% sodium azide, and 20KIE/ml aprotinin (Trasylol; Bayer). The tracer was made by labeling Tyr (25-37) amide a-CGRP (Multiple Peptide Systems, San Diego, CA) by the Iodo-Gen method (Pierce, Rockford, IL). The tracer was purified by HPLC mounted with a C8 column on a Merck-Hitachi system (E. Merck, Darmstadt, Germany). The polyclonal antibodies were raised in rabbits against human a-CGRP specific for the amidated C-terminal end of CGRP. It was used in a final dilution of 1:600,000. Incubation was performed at 4°C as a non-equilibrium assay with incubation of sample and antibodies for 4 days, followed by 2-day incubation after addition of tracer. Sample volume was 100 ll, antibodies was 200 ll, and tracer was 100 ll. Separation was performed with a solid-phase separation system (SAC-CEL; IDS, Boldon, UK). The detection limit of the assay was less than 1 pmol/L. The intra assay and inter assay coefficients of variation were 2 and 7%, respectively. The non-specific binding was less than 4%.
Data analysis and statistics
We used the Kolmogorov-Smirnov Test to determine whether the data were normally distributed. Results were normally distributed and presented as mean ± SEM. Calculation of sample size was based on the detection of a difference in CGRP before and after sumatriptan injection at 5% significance with 80% power. Therefore, a change in CGRP of 10 pmol/L in the external jugular vein after subcutaneous sumatriptan was considered clinically significant, based on earlier reports [10] . We assumed that the CGRP analysis had a 8% inter-individual variation [20] , and estimated that 11 subjects should be included [21] , but we increased the sample size to 16 subjects since this is statistically more desirable and to have the possibility to compensate for drop-outs.
Repeated-measure ANOVA was used to assess change between groups over time, with catheters as the between subjects factor and time of sample as the within subjects factor. We also compared the area under the CGRP concentration curve (AUC) between the different vascular compartments, calculated according to the trapezium rule [22] . We compared the AUC CGRP , baseline values and changes over time in CGRP levels within each vascular compartment using the one-way ANOVA. We did a posthoc analysis of the difference in CGRP concentration between baseline and the time of maximal sumatriptan concentration, C max , 15 min after injection [23] , using a Dunnett t test. We compared the baseline-C max difference between compartments using the one-way ANOVA. To determine the agreement between the CGRP concentration in the internal and external jugular system, we used the statistical method described by Bland and Altman for comparing paired data [24] . Changes in vascular variables were analyzed using a paired, two-way t test. Baseline was defined as time -10 min. All analyzes were performed with SPSS for Windows 15.0 (Chicago, Illinois, USA). Five percent (P \ 0.05) was accepted as significance level.
Vital signs
Arterial blood pressure was measured on the radial arterial catheter (Gabarith TM , single transducer set, Becton Dickinson Ltd, Singapore), monitored continuously and recorded on paper every 15 min. Heart rate and ECG (Cardiofax V, Nihon-Cohden, Japan) was monitored continuously on an LCD screen and recorded on paper every 15 min.
Results
Sixteen subjects completed the study (12 M/4 F, mean age 27.5 years, range 21-35 years). Due to catheter related problems there were missing values in samples from internal jugular vein (n = 5 out of 80), external jugular vein (n = 26 out of 80) and cubital vein (n = 13 out of 80). The missing values were evenly distributed across time points. There were no differences in baseline concentration of CGRP between internal and external jugular vein, cubital vein, and radial artery (P = 0.93) ( Table 1 ).
Plasma levels of CGRP after sumatriptan Repeated-measure ANOVA showed no interaction between catheter and time of sampling and thus no significant difference in CGRP between the four catheters (P = 0.75) (Fig. 1) . The AUC CGRP did not differ between the four vascular compartments (P = 0.78). The ANOVA showed that CGRP did not change over time in the four compartments (P [ 0.05).
The relative change in CGRP from baseline to C max was 2.5% ± 2.4 for the internal jugular, 3.3% ± 5.2 for the external jugular, -3.8% ± 4.6 for the cubital vein, and 4.7% ± 4.4 for the radial artery; (P [ 0.05) for all variables. The relative changes in CGRP between baseline and C max did not differ between the four vascular compartments (P = 0.49).
Variation between internal and external jugular CGRP concentration
We found a mean difference of -0.06 pmol/L between the two compartments, with a variability of the measurements, also called 95% limits of agreement (1.96 ± SD about the mean) [24] of 12.1 pmol/L, (Fig. 2) .
The vascular effects of sumatriptan
At C max sumatriptan induced a significant increase in mean arterial blood pressure (P \ 0.001), of 7.9% ± 1.5 relative to baseline, but did not change heart rate (P [ 0.05) (Fig. 3) .
Adverse events
The following adverse events were reported: tightness and pressure of the neck and body (n = 10), headache (n = 8) and a feeling of warmth (n = 5). These adverse events occurred shortly after administration, and resolved mostly spontaneously within 30 min. No other periprocedural complications occurred. We will discuss this result in relation to CGRP and the anti-migraine action of triptans.
Discussion
The major outcome of the present study is that subcutaneous administration of sumatriptan did not change the levels of circulating CGRP in the intra or extracranial circulation in healthy volunteers.
Origin and physiological role of circulating CGRP
The origin of circulating CGRP is not known in details, but in rats, the major part of circulating CGRP is released from perivascular nerve terminals [25] and CGRP in primary afferents can be released both peripherally and centrally [26, 27] . In rats, the 5-HT 1D receptors are found on trigeminal nociceptors [28] and colocalized with CGRP in trigeminal ganglion neurons [29] . CGRP might modulate nociceptive transmission [30] and nociceptor function depends on the sensitivity to CGRP [31] . CGRP is a potent vasodilator [32] in both cerebral and extracerebral arteries [33] and CGRP is broadly distributed in the nervous system [34] including the trigeminovascular system [35] .
In the resting state, CGRP is present in plasma in both healthy volunteers [20] . This could be due to leakage after localized release rather than to specific systemic function [36] , and CGRP does not affect the resting vascular tone [37] . In pathological settings CGRP might, however, play a role in maintaining vascular tone [38] . This was reported for subarachnoid haemorrhage [39] .
Triptans and CGRP
Stimulation of the trigeminal system causes releases CGRP in vitro [26] resulting in cranial vasodilatation [10] and sensory activation [40] .
CGRP is increased in external jugular blood during cluster headache [12] . Migraine attacks and trigeminovascular activation have also been reported to cause a CGRP increase in internal [13] and external jugular blood [3] , but Fig. 3 The vascular effects of sumatriptan. Changes in mean arterial blood pressure (MAP) and heart rate (HR) after sumatriptan (mean ± SEM) not in peripheral blood, which could suggest a localized activity in cranial vascular afferent pathways [3] . A larger study could not reproduce the ictal CGRP increase [41] , and increased CGRP concentration in migraineurs interictally [42] also obscures the exact role of CGRP in the pathophysiology of primary headaches.
Triptans may lower the CGRP concentration in animals [26, 43] and in nitric oxide induced headache [44] and spontaneous migraine attacks in humans [45] . The antimigraine effect of the triptans might therefore be due to inhibited release of CGRP [3] . This effect might be mediated via the 5HT 1 -receptor, because antagonists to this receptor blocks the CGRP attenuating effect of sumatriptan [43] . The CGRP decrease was, however, present only in patients whose headache improved [10, 44] . It is therefore possible that CGRP levels may decrease spontaneously during migraine attacks [13] .
In the present study, we report that sumatriptan does not affect CGRP levels in humans under baseline conditions. This is similar to in vitro results in cultured trigeminal neurons where sumatriptan decreased CGRP secretion from chemically stimulated sensory neurons, but not the basal secretion rate [11] . The concentration of sumatriptan required for this in vitro inhibition was higher than the estimated sumatriptan plasma concentration in patients, and the cell culture showed a higher rate of CGRP-positive cells than seen in vivo [11] . Another drug, topiramate, used for migraine prophylaxis, had also no effect on basal CGRP released from trigeminal neurons, but did decrease CGRP secretion from stimulated trigeminal neurons [46] .
The CGRP response to antimigraine drugs could, therefore, rely on activity in the trigeminovascular system. The kinase-phosphatase balance might control CGRP secretion and this balance might be altered during trigeminal activation [11] . Phosphatase activity is increased by sumatriptan, and phosphatase inhibition blocks the inhibitory effect of sumatriptan on stimulated CGRP release [11] . If sumatriptan affects the phosphatases only in activated trigeminal neurons, it could explain the apparent lack of effect in this study, with normal subjects.
In an animal study, triptans effectively prevented the induction of sensitization in central trigemino vascular neurons but not in meningeal nociceptors [47] , which could indicate that triptans act on presynaptic 5-HT 1B/1D receptors on the central terminals of meningeal nociceptors. Furthermore, it has been reported that the effects of CGRP in the meninges, including meningeal vasodilatation, are insufficient to activate or sensitize meningeal nociceptors [48] . This points toward a central site of action for the migraine-promoting role of CGRP. Triptans might, however, bind to presynaptic 5-HT 1B/1D receptors on trigeminal sensory fibers or trigeminal ganglion cells and inhibit nerve activity and hence reduce peripheral CGRP release [49] .
Triptans might also interfere with CGRP signaling more centrally [47, 50, 51] , but sumatriptan is hydrophilic and does not easily penetrate the blood brain barrier (BBB) [52] . After BBB disruption, however, sumatriptan alters trigeminal evoked activity in animal studies [53] . If CGRP is mainly released from intra cerebral sources, sumatriptan will inhibit such a release only if the BBB is disrupted [54] which might be the case during migraine attacks [55] . In the present study, the BBB would prevent sumatriptan from reaching the central sites of CGRP release. Clinical efficacy of triptans are however, not directly linked to lipophilicity [7] and the lacking brain penetration of sumatriptan can therefore only partly explain the lack of effect of sumatriptan in the present study. Sumatriptan had pronounced effect on blood pressure (Fig. 3) , an effect comparable with earlier results [28] indicating that the drug was present in relevant doses.
Does sumatriptan have specific intracranial effects on CGRP?
Triptans cause greater vasoconstriction in cranial arteries compared to coronary vessels [56] , and may thus be selective vasoconstrictors of cerebral arteries [57] . Sumatriptan causes vasoconstriction of the dural vessels [58] , but acts only as a weak vasoconstrictor of the superficial temporal artery [59] . This could reflect a different action of sumatriptan on intra and extracerebral vessels.
It has been suggested that blood from the internal jugular vein specifically reflects intracranial neurotransmitter physiology, whereas the external jugular blood can express neurotransmitter and biochemical variations in both intra and extracranial cerebral structures [13] .
We therefore explored whether sumatriptan had different effect on the CGRP concentration in blood from the internal and the external jugular system. We found excellent agreement between the levels of CGRP in the internal and the external jugular veins (Fig. 2) , with a mean difference of -0.06 pmol/L between the two compartments. Under normal circumstances the internal jugular vein is considered to be the most important pathway for venous blood returning from the brain [60] . It thus seems likely that sumatriptan has a similar lack of effect on CGRP in these two vascular beds.
Methodological considerations
CGRP released from trigeminal afferents is a marker of trigeminovascular activation and can be measured in both experimental animals and humans. The objective of our study was to examine the effect of sumatriptan on plasma levels of CGRP, not to determine whether the drug was effective in migraine treatment. We therefore conducted this experiment as a pharmacological model study in healthy volunteers. The model used in the present study might be used for the study of other important signaling molecules in both healthy volunteers and potentially in migraine patients.
Previous studies show a large variation in the CGRP levels. The baseline CGRP levels in this study are larger than jugular levels during migraine [41] but comparable with peripheral CGRP levels during migraine [3] . We have used the same assay as in [41] , to minimize interassay variation. CGRP plasma levels show considerable variability [61] . The main objective of our study was to compare CGRP before and after sumatriptan rather than the absolute values, thereby minimizing variability as a potential methodological problem. We drew blood simultaneously from all four catheters thereby eliminating temporal variability as a source of bias. Even though the missing values from the external jugular vein were high (32.5%), we have data from 11 subjects, which is sufficient according to our power calculation.
Concluding remarks
Sumatriptan did not change the levels of circulating CGRP in the intra or extracerebral circulation in healthy volunteers. This speaks against a direct CGRP-reducing effect of sumatriptan in vivo in humans when the trigemino vascular system is not activated.
